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Abstract  
The ultramafic section of a dismembered ophiolite is exposed at Bir Tuluhah, in the north-central 
part of the Arabian Shield. It is penetratively serpentinized and locally carbonate-altered to talc-
carbonate and quartz-carbonate rocks (listvenite) along shear zones and fault planes. Despite the 
high degree of mineral replacement, preserved mesh and bastite textures and fresh relics of 
primary Cr-spinel and olivine show that the protoliths were mainly harzburgite with minor 
dunite, with sparse massive chromitite bodies of various forms and sizes. Olivine inclusions in 
the chromitite lenses have higher forsterite content and NiO concentrations than fresh olivine 
relics in the host harzburgites and dunites, due to subsolidus re-equilibration. Cr-spinels in the 
chromitites have higher Cr# (0.74-0.82) than those hosted in dunite (0.72-0.76) or harzburgite 
(0.55-0.66). The scarce Cr-spinel crystals in harzburgite that have Cr# < 0.6 are interpreted to 
represent the population least affected by melt-rock interaction. The chromitite bodies are 
interpreted to have formed just below the contact between the oceanic crust and mantle sections 
(i.e., the petrologic Moho). The primary olivine (high Fo and Ni content) and Cr-spinel core 
compositions (high Cr# and low TiO2 content) of the Bir Tuluhah serpentinized peridotite are 
typical of modern supra-subduction zone (SSZ) fore-arc peridotites and consistent with 
crystallization from boninitic magma. The multistage petrogenesis leading to the chromitite 
bodies begins with moderate to high degrees of melt extraction from the protoliths of the 
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 serpentinized harzburgites, followed by reaction with melt compositions that evolved from 
tholeiite to boninite and left dunite residues. The massive Cr-rich chromitites in the Bir Tuluhah 
ophiolite are most probably the residues of such interaction between depleted harzburgite and 
ascending melts; mixtures of the reacted melts formed boninites, which became saturated with 
chrome-rich spinel and crystallized chromite pods before ascending past the Moho. We offer a 
novel thermodynamic model of this mixing and reaction process that quantifies the yield of Cr-
spinel. 
 
Keywords: Arabian Shield; Bir Tuluhah; Cr-rich chromitite; fore-arc; melt-rock reaction; supra-
subduction zone. 
1. Introduction 
Neoproterozoic mafic-ultramafic complexes are widespread in the Arabian-Nubian Shield 
(ANS) and they preserve essential evidence of the geodynamic evolution of the orogenic belts 
within the Shield. The complexes can be divided into ophiolite belts and mafic–ultramafic 
intrusions (Stern et al., 2004; Ali et al., 2010; Johnson et al., 2004; Azer et al., 2017; Boskabadi 
et al., 2017). In the Arabian portion of the Shield, the ophiolites are mostly found along suture 
zones that extend roughly in a N-S direction (Fig. 1). Such ophiolites represent fragments of 
oceanic lithosphere that were tectonically obducted onto continental margins during collision 
between East and West Gondwana (e.g. Dilek and Ahmed, 2003; Kusky et al., 2003; Abuamarah, 
2019 a,b; Gahlan et al., 2020). They are dismembered and have undergone multiple stages of 
metamorphism, deformation, and alteration (Nassief et al., 1984; Ahmed and Hariri, 2008; 
Abuamarah, 2019a, b; Gahlan et al., 2020). Their upper mantle sections expose highly 
serpentinized peridotite, mainly harzburgite with less abundant dunite. By contrast, the mafic-
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 ultramafic intrusions are fresh and unmetamorphosed having been emplaced in post-collisional 
settings (Moore and Al-Rehaili, 1989; Harbi, 2008); it has been suggested that some of these are 
concentrically zoned, Alaskan-type intrusions (e.g., Habtoor et al., 2016). 
The Bir Tuluhah ophiolite belt is one of the most famous occurrences of ophiolite-hosted 
chromitite bodies in Saudi Arabia (Kattan, 1983; Al-Shanti and El-Mahdy, 1988; Habtoor et al., 
2017). If its origin can be understood, it will serve as a key marker for the geodynamic evolution 
of the northeastern part of the Arabian Shield. However, previous interpretations of the Bir 
Tuluhah ultramafic section are wildly divergent (e.g. Delfour, 1977; Caby, 1982; Kattan, 1983; 
Le Metour et al., 1983; Pallister et al., 1987; Al-Shanti and El-Mahdy, 1988; Habtoor et al., 
2017). Delfour (1977) defined the Bir Tuluhah ophiolite complex to include serpentinites, 
amphibolites, and some metabasalts and metasedimentary rocks. He considered this entire 
assemblage to be an island arc sequence deposited unconformably on the Hulayfah group. Caby 
(1982) concluded that the ultramafic rocks of Bir Tuluhah are not part of a classical ophiolite, but 
represent serpentinite diapirs emplaced along the sub-vertical Nabitah fault system. Le Metour et 
al. (1983) concluded that the protoliths of the Bir Tuluhah serpentinite were ultramafic cumulates 
representing subcontinental mantle and that the associated amphibolites are deep crustal 
metamorphic rocks. Pallister et al. (1987) described the Bir Tuluhah area as a west-dipping 
ophiolitic nappe obducted during the closure of an oceanic basin and rotated to high angles 
during formation of the Nabitah suture. Habtoor et al. (2017) studied high-Cr chromitites 
associated with the ultramafic rocks of Bir Tuluhah and assigned them to a supra-subduction 
zone (SSZ) setting without attempting to distinguish between fore-arc and back-arc 
environments. 
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 This research is focused on the mantle section of the Neoproterozoic Bir Tuluhah 
ophiolite and associated chromitite bodies, in order to better understand their evolution during 
Neoproterozoic time. We present detailed field, petrographic, and mineralogical investigation of 
the chromitites and their host ultramafic rocks. These data are used to define the petrological 
processes in the mantle that created the protoliths of the Bir Tuluhah ophiolite. Our interpretation 
highlights the role of melt-rock reactions in the generation of high-Cr podiform chromitites. 
 
2. Geological outline and field observations 
The Bir Tuluhah area lies in the north-central part of Saudi Arabia, ~250 km south of Hail 
town (Fig. 1). It sits at the northern end of the elongated Al Hulayfa-Ad Dafina-Ruwah suture 
zone (HADRz), one of the longest proposed suture zones in Saudi Arabia. Although previous 
workers have correlated the HADRz with the Nabitah suture zone, suggesting that it was 
originally a 1200 km single structure now offset by left-lateral motion on the Ruwah Fault Zone 
(Quick, 1991), we prefer the newer view that these are different structures (Flowerdew et al., 
2013). Hence the string of ophiolite complexes defining the HADRz marks only the boundary 
between the Afif and Hijaz terranes of the northern Arabian Shield (Fig. 1). 
The study area has low relief, mostly flat-lying with small hills (< 50 m height). It lies 
between longitudes 25o 35\ and 25o 45\ E and latitudes 40o 45\ and 41o 00\ N. Map-scale units 
(Fig. 2) exposed in the area are all Neoproterozoic in age except for Wadi alluvial deposits. They 
include ophiolitic rocks, the Nagea volcaniclastics, the Shammar group, the Hulayfah group, 
amphibolite and the Shammar intrusive suite (granitoids, gabbro and diorite). The contacts 
between these units are invariably steeply dipping faults and the sequence is disrupted in many 
places. The area is furthermore dissected by two sets of faults, namely the older north-northeast 
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 trending Al Hulayfah-Ad Dafina fault system and the younger northwest trending Najd fault 
system (Delfour, 1977; Johnson and Kattan, 2001). The faults obscure the original stratigraphic 
and structural relations of the different lithologic units in the mapped area. 
The ophiolitic rocks of Bir Tuluhah are well exposed in the middle part of the mapped 
area (Fig. 2). They form an elongated belt in the N-S direction (~ 15 km long) as well as small 
scattered outcrops (< 2 km long). We define the dismembered ophiolite complex to include only 
the units mapped as serpentinized peridotite and layered gabbro, along with some small masses 
of plagiogranite. They occur as strongly folded allochthonous thrust sheets sheared along a 
subvertical brittle-ductile shear zone and tectonically intercalated between metasedimentary and 
metavolcanic units (Kattan, 1983; Quick and Bosch, 1990; Johnson and Kattan, 2001).  
Structurally, the Bir Tuluhah ophiolite exhibits multiple phases of folding and shearing. 
Most of the serpentinite is foliated and mylonitized, with strong cataclastic textures. However, 
lenses of massive serpentinite with preserved primary textures are found within the highly 
foliated serpentinite. These lenses range from a less than a meter to hundreds of meters in length. 
Structural relations and shear sense indicators demonstrate that the serpentinite was obducted 
over the amphibolite and metamorphosed volcaniclastic units now exposed along their eastern 
side due to east-west compression east-directed over thrusting (Quick and Bosch, 1990). That is, 
we do not believe the structural relations are consistent with the grouping of the serpentinites, 
amphibolites, and metavolcanic units into a single island-arc package as interpreted by Delfour 
(1977). Along shear zones, the serpentinites are highly altered to quartz-carbonate (listvenite), 
talc-carbonate, secondary amphibole, and chlorite-bearing varieties.  
The serpentinite is cut by dykes of different compositions including diabase, diorite, 
gabbro and plagiogranite. These dykes are disrupted and have suffered from various degrees of 
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 recrystallization and alteration, suggesting that they were emplaced over a significant time span. 
Diabase, gabbro and anorthosite dykes are surrounded by well-developed black-wall reaction 
zones that formed during serpentinization of the peridotite wall rocks. Some of these dykes are 
highly deformed and completely recrystallized to rodingite, although some of them still preserve 
primary igneous mineralogy in the interiors. By contrast, the diorite dykes are undeformed and 
show little evidence of black-wall reaction or rodingitization, suggesting that they were emplaced 
after complete serpentinization of the peridotite. 
Chromitite ores in the area may be massive or sheared and exhibit a range of shapes and 
sizes including pods, lenses, thin layers and schlieren (Al-Shanti and El-Mahdy, 1988, Habtoor et 
al., 2017). Massive chromitite lenses and pods are mainly restricted to the northernmost part of 
the band of serpentinites. Chromitite bodies form prominent outcrops as a result of their 
resistance to weathering. They may be isolated or in clusters. They are concordant to the foliation 
in the surrounding serpentinized peridotite and typically elongated parallel to the N-S trend of the 
serpentinite belt. Chromitite bodies vary in length from 0.5 m to more than 10 m. They mostly 
have relatively sharp contacts with the surrounding serpentinites but in some cases the boundaries 
of the chromitites are diffuse. 
The layered gabbro occurs in a narrow band west of the main serpentinite band (Fig. 2). It 
is highly deformed and metamorphosed and layered on scales from centimeters to meters (Le 
Metour et al. 1983). Although the contact between layered gabbro and serpentinite is a fault, we 
map both these distinctively ophiolitic units as the Bir Tuluhah ophiolite. 
To the east of both serpentinite masses, outcrops of amphibolite are confined to thrust 
planes. These rocks have strongly schistose textures and they lack any clear primary textures or 
relict mineralogy to identify their protoliths. While it is possible that the coarse-grained 
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 amphibolite is the result of amphibolite facies metamorphism of ophiolitic gabbro, this would 
require complex structural relations to emplace metagabbro structurally below the serpentinite 
and these is no chemical, textural, or mineralogic evidence to support this idea. 
The Nagea volcaniclastics include chert, fine-grained sandstone, interbedded felsic tuff 
and minor pillowed metabasalt. The association of pillowed metabasalt with felsic tuffs and 
sandstone suggest that this sequence is not related to the ophiolite, but instead represents a 
volcanic arc association. The metabasalt is fine-grained, light gray to gray-green, and its original 
structure and texture have been virtually obliterated by metamorphism.  
The Hulayfah group covers the entire western part of the mapped area. It consists of 
volcano-sedimentary successions including mainly basalt and andesite and their pyroclastic 
equivalents (andesitic tuff and basaltic breccia), overlain by metasedimentary rocks. The 
metasediments include interbedded volcanogenic sandstone and shale with lenses of blue marble. 
The sandstone is poorly sorted and contains fragments of volcanic rocks partly derived from the 
underlying basalt. The marble lenses are common throughout the stratigraphical sequence of the 
Hulayfah group. Some marble masses contain serpentinite fragments, suggesting they may 
actually have formed by carbonate replacement of peridotite. Other marble bodies are bedded, 
indicating that they are sedimentary in origin.  
The Shammar group, exposed in the northeastern corner of the study area, consists of 
basalt unconformably overlain by epiclastic rocks. The epiclastic rocks outcrops form a series of 
low hills featuring poorly sorted conglomerate overlying basalt. The clasts in the conglomerate 
include plutonic (diorite, granodiorite, syenogranite and alkali-feldspar granite) and volcanic 
(diabase and granophyre) rock fragments. The uppermost unit in the group consists of red- 
weathering rhyolitic rocks. 
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 The Shammar intrusive suite includes granitoids, diorite and fresh gabbro. The granitoids 
mapped as undifferentiated rocks including mainly monzogranite and syenogranite with local 
alkali granite and granodiorite. The diorite is exposed as an undeformed pluton containing 
xenoliths of amphibolite and intruding the southern and central parts of the ophiolite. The diorite 
intrusion crosscuts the Al Hulayfah and Ad Dafina fault system and is in turn crosscut by a 
northwest-trending set of faults recognized as part of the Najd fault system (Delfour, 1977; 
Johnson and Kattan, 2001). A fresh gabbro pluton occurs in a narrow band to the west of the 
layered gabbro. This unit intrudes and postdates the ophiolitic metagabbro. It is fresh, 
undeformed, unmetamorphosed, and clearly not part of the ophiolite sequence.  
There are a number of geochronological constraints that define approximate ages for the 
Neoproterozoic rocks of the Bir Tuluhah area. Pallister et al. (1987) report U-Pb model ages of 
823±11 Ma and 847±14 Ma for zircons separated from plagiogranite dykes that cut the 
serpentinite south of Bir Tuluhah. These two ages provide a minimum age for the ophiolite and 
are taken to establish the lower age limit for the ultramafic protoliths of the serpentinite. The 
development of rodingite and blackwall reaction around the plagiogranite dykes indicates that 
significant serpentinization and deformation occurred after their intrusion. Also, Delfour (1977) 
interprets K-Ar isotopic data for the Hulayfah Group to indicate primary crystallization at 740 
Ma with a partial resetting event at 577-563 Ma. The age of the Hulayfah Group is also weakly 
constrained by a U-Pb zircon age of 720±10 Ma obtained from tonalite that intrudes the 
formation west of the Hulayfah fault zone (Calvez et al., 1983). A low-quality U-Pb zircon age of 
750-710 Ma from three discordant zircons from a quartz diorite pluton intruded into the Ad 
Dafina ophiolite to the south of the study area along the suture zone is interpreted as a minimum 
age for the formation of the amphibolite, metabasalt, and metatuff, and for the initiation of 
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 Nabitah faulting. Also, it constrains the minimum age for ophiolite deformation and alteration 
(Quick, 1991). Delfour (1977) reports an age of 570 Ma for a small granophyre plug northwest of 
Bir Tuluhah. This age is interpreted to be a lower limit for the cessation of Al Hulayfa-Ad Dafina 
faulting since strands of the fault system are truncated by granitic rocks of similar composition 
throughout the area. Thus, field relations and available geochronological data indicate motion on 
the north-trending suture zone faults in the study area began after ~823 Ma but before ~710 Ma 
and ceased prior to ~570 Ma. Crosscutting relationships suggest that emplacement of mafic and 
intermediate intrusive rocks was synkinematic with motion on the suture fault system. Later 
offset by left-lateral strike-slip motion on the Najd faults postdates 570 Ma. 
 
3. Petrography  
3.1. Serpentinized peridotite 
Although the Bir Tuluhah mantle section is highly serpentinized, the original protoliths 
can be recognized from preserved textures; they include harzburgite and dunite. Serpentinized 
harzburgite is dark green and its degree of alteration increases slightly near chromitite ore bodies. 
Textural observation indicates their original mode consisted essentially of olivine (60–80 vol. %) 
and orthopyroxene (20-40 vol. %). The pyroxenes and olivine are completely replaced by 
serpentine, magnetite, carbonates, brucite and minor talc. The serpentine is mainly antigorite with 
sparse veins of chrysotile (Fig. 3a). Orthopyroxene has been replaced by serpentine to form 
bastite, while olivines form mesh texture (Fig. 3b). Some bastite domains preserve the shape of 
plastically deformed orthopyroxene, indicating high temperature deformation of the protolith 
peridotite. Surviving relics of primary minerals are mostly Cr-spinel with rare olivine and 
pyroxene. The olivine relics (Fig. 3c) record notable strain features such as kink banding and 
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 wavy extinction. Cr-spinel in harzburgite occurs as small subhedral to amoeboid grains or as 
chains of subhedral Cr-spinels. 
Dunite forms lenses and envelopes around chromitite lenses. Dunite is brown-black to 
yellowish-brown in color and consists of aggregates of serpentine minerals with well-developed 
mesh texture derived from the original olivine. Sparse (<5 vol. %) areas of bastite texture formed 
after orthopyroxene are observed. Rare porphyroblastic and porphyroclastic textures are noted 
and fresh relics of olivines exhibit wavy extinction and kink bands. Cr-spinel occurs as randomly 
scattered anhedral to euhedral grains throughout the rock; however, they are locally sufficiently 
concentrated to form disseminated chromitite (Fig. 3d). In places the margins of chromite grains 
are replaced by magnetite but the cores preserve primary Cr-spinel compositions. 
 
3.2. Chromitite 
Chromitite occurrences in the study area are mostly small bodies and be either massive or 
sheared. The massive chromitites are usually fresh and composed mainly of subhedral to anhedral 
chromite grains with minor interstitial minerals (Fig. 3e). The sheared chromitite has the same 
composition as the massive type but the Cr-spinels are stretched and arranged in a preferred 
orientation to produce a schistose foliation (Fig. 3f). The amounts of Cr-spinel in both chromitites 
range from 92–98 vol. % with grain sizes ranging from 2 to 20 mm. The interstitial matrix of the 
chromitites mainly consists of serpentine minerals with accessory carbonates, chlorite and 
sulphides. Very small inclusions of silicate minerals including olivine are observed within the Cr-
spinels and traces of intergranular or fracture-filling chlorite can be found. Cumulate, chain 
structures and banding textures, typical of magmatic crystallization (Pal and Mitra, 2004), are 
common. The massive chromitite pods are affected by variable amounts of deformation and 
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 cracking; the cracks apparently acted as channels for migration of fluids that led to minor 
alteration of Cr-spinel to ferritchromite along the cracks. Nevertheless, the massive chromitites 
are less altered than the chromite grains in the host serpentinites.  
 
4. Mineral chemistry  
Surviving primary olivine and Cr-spinel from serpentinized peridotite and chromitite 
samples from Bir Tuluhah were analyzed using a five-spectrometer JEOL JXA-8200 electron 
microprobe at the Division of Geological and Planetary Sciences (GPS), California Institute of 
Technology. The analytical conditions were 15 kV accelerating voltage, 25 nA beam current, a 
focused beam diameter (1 μm) and 20 seconds on-peak counting times. Selected additional 
polished thin sections were analyzed using a JEOL JXA-8500F electron microprobe housed at 
Washington State University, with a similar protocol except for 20 nA beam current. Primary 
standards were all synthetic minerals, notably synthetic forsterite (Mg, Si), fayalite (Fe), Mn-
olivine (Mn), anorthite (Ca, Al), Cr2O3 (Cr), NiO (Ni), and TiO2 (Ti). Representative microprobe 
data of olivines and Cr-spinel are presented in Tables (1-4), while the whole data set of 
microprobe analyses is given in the supplementary Tables (1S-5S). 
 
4.1. Serpentinized peridotite 
Relics of primary olivine and Cr-spinel were analyzed from both serpentinized 
harzburgite and dunite. Representative microprobe analyses of olivine and corresponding 
calculated structural formulae are given in Table 1 and the full data set for olivine is given in 
Supplementary Tables 1S and 2S. The olivines analyses all yield low concentrations of TiO2 
(<0.01 wt. %), Cr2O3 (<0.03 wt. %), Al2O3 (<0.01wt. %) and CaO (< 0.04 wt. %). Olivine in 
Jo
urn
al 
Pr
e-p
roo
f
Journal Pre-proof
 harzburgite has lower forsterite content, Fo90–91, and NiO (0.37-0.46 wt. %) than in dunite (Fo92-
93 and 0.44-0.52 wt. % NiO). Fo and NiO contents in olivine harzburgite plot on the mantle 
olivine array (Takahashi et al., 1987), whereas olivine from dunite has more NiO at a given Fo 
content than is expected for residual olivines from the mantle (Fig. 4a). Both harzburgite and 
dunite olivine NiO and Fo contents plot within the range of previously published analyses from 
ophiolites of the ANS. 
Fresh relics of Cr-spinel were analyzed in both serpentinized harzburgite and dunite; thin 
secondary magnetite rims were not analyzed. Representative chemical compositions and 
structural formulae of primary Cr-spinels are given in Table 2, and the whole data set is given in 
Supplementary Tables 3S and 4S. The Cr# [molar Cr/(Cr+Al)] and Mg# [Molar Mg/(Mg+Fe2+)] 
of fresh Cr-spinel cores are higher in dunite (Cr# = 0.67-0.72 and Mg# = 0.59-0.73) than in 
harzburgite (Cr# = 0.58-0.65 and Mg# = 0.54-0.60). Cr-spinel from harzburgite plots in the 
region of Cr#-Mg# space commonly found in fore-arc peridotites (Fig. 4b), whereas Cr-spinel in 
dunite trends out of the fore-arc region towards the boninite field (Dick and Bullen, 1984; 
Bloomer et al., 1995; Ohara et al., 2002). In general, boninite is characteristic of intra-oceanic 
fore-arcs (e.g., Beccaluva et al., 2004; Dilek et al., 2008), supporting a fore-arc setting for the 
ultramafic rocks of Bir Umq. All the analyzed fresh Cr-spinel cores have low or negligible Fe3+# 
= Fe3+/(Fe3++Cr+Al) < 0.03, which is characteristic of primary mantle-derived spinels (Hattori 
and Guillot, 2007; Gahlan et al., 2015; Obeid et al., 2016; Bernstein et al., 2013; Azer, 2014). 
Note that in some cases the charge balance calculation to estimate Fe3+ from electron probe data 
by seeking a formula with four oxygens per three cations yields slightly negative apparent Fe3+. 
This should be interpreted as Fe3+ within error of zero and possibly indicates small systematic 
errors in the probe analysis of spinel. In these cases all Fe in the structural formula occurs as Fe+2 
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 (Droop, 1987). The high Cr# (0.58-0.72) and low TiO2 (≤ 0.13 wt. %) of the Cr-spinel are similar 
to spinel analyses from samples of depleted to highly depleted residual mantle that has 
experienced high degrees of partial melt extraction (e.g. Uysal et al., 2012) (Fig. 3a). Cr-spinel 
grains in the serpentinized harzburgite and dunite do show a well-developed chemical zoning, but 
this feature is not the target of the present work.  
 
4.2. Chromitite 
Fresh cores of Cr-spinel crystals and their mineral inclusions in the massive chromitite 
were analyzed. Chemical zoning is very limited in the chromitite spinel; local thin rims of 
ferritchromite along grain boundaries and cracks can be observed but these areas were not 
analyzed. Selected analyses are presented in Table 3 and the whole data set is given in 
Supplementary Table 5S. The Cr-spinel in the chromitite has very high Cr#, mostly from 0.71 to 
0.81, and Mg# overlapping values from dunite, 0.59 to 0.72. The Cr-spinel analyses from 
chromitite extend into the regions of the Cr#-Mg# and Cr#-TiO2 plots associated with boninite 
(Fig. 4b). 
Six primary olivine inclusions within fresh Cr-spinel in chromitite were located and 
analyzed. Their compositions and structural formulae are given in Table 4. Although the 
inclusions are small, there is no evidence in their analyses for contamination by secondary 
fluorescence or beam overlap with host Cr-spinel. They are highly magnesian (Fo94–95) and have 
elevated NiO (0.55–0.85 wt.%) alongside low CaO (<0.05 wt.%) and MnO (<0.1 wt.%). The Fo 
and NiO contents of these olivine inclusions in chromitite are distinctly higher than those of 
olivine in either harzburgitic or dunitic host rock (Tables 1 and 4).  
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 5. Discussion 
5.1. Tectonic setting 
Ophiolitic rocks represent remnants of upper mantle and ancient oceanic crust, which are 
tectonically emplaced onto continental margins during closing of ocean basins. They were 
emplaced in a variety of tectonic settings, from the rift–drift and seafloor spreading stages to 
subduction initiation and terminal closure (Dilek and Furnes, 2014; Furnes et al., 2014).They 
show great variations in their internal structure, emplacement mechanisms, tectonic environments 
and geochemical characteristics (Dilek et al., 2008; Dilek and Furnes, 2014).  
The Arabian Shield ophiolites represent an important source of evidence for 
reconstructing the geodynamic evolution of the ANS and the larger Pan-African belt. Published 
works have concluded that the ophiolites of Saudi Arabia formed in a variety of tectonic settings, 
ranging from mid-ocean ridge (MOR) to supra-subduction zone (SSZ) settings (e.g.Habtoor et 
al., 2017; Abuamarah, 2019 a,b; Gahlan et al., 2020), but most recent studies have preferred a 
SSZ setting for Arabian Shield ophiolites (e.g. Nassief et al., 1984; Pallister et al., 1988; Stern et 
al., 2004; Habtoor et al., 2017; Abuamarah, 2019 a,b; Gahlan et al., 2020). Furthermore, seafloor 
spreading in the vicinity of a subduction system can form ophiolite sequences in both fore-arc 
and back-arc environments (Pearce, 2003; Azer and Stern, 2007); the distinctions between 
ophiolites formed in these particular settings have been increasingly recognized recently. The 
mantle sections of MOR ophiolites typically include both harzburgite and lherzolite with 
subordinate dunite, whereas SSZ ophiolites are dominated by harzburgite (80%–90%), typically 
with minor dunite, lherzolite, or pyroxenite (Pearce et al., 1984). Hence, the first-order 
petrographic and mineralogical observations of the Bir Tuluhah ultramafic rocks, which are 
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 exclusively harzburgite and dunite with no lherzolite protoliths, already imply a likely SSZ 
affinity.  
At a more detailed level, the mineral chemistry of primary Cr-spinel, olivine, and 
pyroxene provide important information about factors controlling peridotite evolution, such as 
extent of melting and melt-rock reaction, composition of extracted or transiting melts, the 
presence of water, the oxidation state of the system, and more (Takahashi et al., 1987; Rollinson 
2008; Ohara et al., 2002; Arif and Jan, 2006; Uysal et al., 2012). In the present case, as pointed 
out above, accessory fresh Cr-spinels in the serpentinized harzburgites at Bir Tuluhah plot in the 
field of depleted fore-arc peridotites (Figs. 4b and 5a), lending additional support to the SSZ 
affinity of the suite (e.g. Dick and Bullen, 1984; Bonatti and Michael, 1989; Azer and Stern, 
2007). Furthermore, on the Al2O3 vs. Fe
2+/Fe3 diagram (Kamenetsky et al., 2001), the fresh Cr-
spinels in the serpentinized peridotites plot again in the SSZ peridotite field (Fig. 5b). The 
compositions of fresh olivine relics in the serpentinized peridotites are magnesium and nickel-
rich and resemble olivine from mantle residues that underwent extensive partial melt extraction, 
most commonly seen in fore-arc settings (e.g. Pearce et al., 2000; Coish and Gardner, 2004). 
 
5.2. Chromitite petrogenesis 
The origin of chromitite ores has attracted a great deal of attention and remains a matter 
of debate. Chromitites occur as podiform or stratiform masses within residual and cumulate 
mantle peridotites, respectively. Podiform chromitites occur as discontinuous pod-shaped bodies, 
either concordant or discordant with surrounding ophiolitic dunites and harzburgites (Miura et al., 
2012; Khedr and Arai, 2017). The genesis of podiform chromitites in various tectonic settings has 
been a subject of considerable controversy for many years (e.g. Roberts, 1988; Matveev and 
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 Ballhaus, 2002; Habtoor et al., 2017; Khedr and Arai, 2017). The most accepted mechanism for 
the formation of podiform chromitite is melt-peridotite interaction and subsequent mixing (e.g. 
González-Jiménez et al., 2011, 2014; Arai and Miura, 2016; Khedr and Arai, 2017; Azer et al., 
2019). Through this mechanism, the formation of chromitite pods begins with interaction 
between ascending melt and overlying refractory mantle harzburgite through which the melt 
percolates in large conduits. Subsequent mixing of this secondary melt with a new influx of 
primitive melt results in a hybrid melt oversaturated with spinel component and subsequent 
precipitation of chromite (e.g., Roberts, 1988; Arai and Abe, 1995). In massive chromitites, 
subsolidus equilibration of chromite with surrounding silicates generally occurs to a very limited 
extent, if at all (Suita and Streider, 1996). Hence, they preserve pristine late magmatic 
compositions and evidence bearing on the primary melts from which they precipitated. Therefore, 
chromitite mineral chemistry may be key to understanding the tectonic setting in which the 
chromitites and their host mantle peridotites formed and to tracing the processes that form mantle 
lithosphere (Dick and Bullen, 1984; Kamenetsky et al., 2001; Arai et al., 2006; Rollinson, 2008; 
Pagé and Barnes, 2009). 
Because the composition of melt in equilibrium with peridotite minerals shifts with 
pressure, migration of melt leads to disequilibrium between the ascending melt and the minerals 
along the conduit. Most commonly, the expansion of the olivine phase volume with decreasing 
pressure causes pyroxenes in harzburgite to dissolve and olivine to precipitate in response to 
reaction with migrating melts, leading eventually to replacive dunite (e.g. Kelemen, 1990; Azer et 
al., 2019). The association of massive chromitite with such dunite shows that both rock types 
form at successive stages of evolution of shared melt migration conduits (c.f. Zhou et al., 1996; 
Melcher et al., 1997), often in the depleted mantle sections of SSZ ophiolites (Ballhaus, 1998; 
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 Melcher et al., 1999; Uysal et al., 2016). In general, as the reaction of ascending mantle melts 
with wall-rock peridotites precipitates olivine and forms a dunite envelope, the melt becomes 
increasing enriched in Si and Cr. This melt can react with new batches of primitive magma to 
form boninitic melts oversaturated with Cr that then precipitate chromitite pods.  
The high water contents of the melts that migrate through SSZ mantle may be a key factor 
in chromitite formation (Edwards et al., 2000; Matveev and Ballhaus, 2002; Mondal et al., 2006). 
Experimental results on water-bearing basalts suggest that ophiolitic chromitites form only when 
primitive melts are saturated in olivine + chromite and also rich in water (Matveev and Ballhaus, 
2002).  
Discussions of the origin and geotectonic setting of chromitite ore bodies in general have 
been echoed by specific debate about the podiform chromitites of the ANS (e.g. Habtoor et al., 
2017; Khedr and Arai, 2017). Podiform chromitites from the Arabian Shield are commonly 
enveloped by dunite within the generally harzburgite-dominated depleted mantle section (e.g. 
Habtoor et al., 2017), consistent with the wall-rock interaction mechanism for their formation 
(Zhou et al., 2005; González-Jiménez et al., 2011, 2014). At Bir Tuluhah as well, we observe 
podiform massive chromitites with dunite envelopes surrounded by gradational contacts to 
harzburgite.  
The suggested model for formation of the Bir Tuluhah chromitite pods begins with 
formation of a depleted mantle section dominated by harzburgite. The high Cr# of even the least 
affected spinels in the host harzburgites indicate that the degree of melt extraction experienced at 
this stage was large (e.g. Rollinson, 2008; González-Jiménez et al., 2011). Subsequently, 
ascending hydrous melts coming from below formed channelized conduits as their reactions with 
the harzburgite dissolved orthopyroxene, concentrated olivine, and increased the melt flux and 
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 permeability. The end products of this reaction were conduits of dunite occupied by re-
equilibrated silica and chromium-rich melt. Once orthopyroxene was exhausted from the conduit, 
it could no longer buffer the melts to high silica activity and subsequent influxes of primitive 
melt would remain Mg-rich. Mixing of primitive melt with the reaction-product melt resulted in a 
hybrid melt of boninitic affinity (rich in both Si and Mg) and oversaturated with the components 
of Cr-spinel, which was then precipitated. The extremely Mg-rich olivine inclusions in the 
chromitites may testify to the high melt fractions and elevated Mg-contents that governed this 
stage of the process, however their small size and contact with comparatively large volumes of 
Cr-spinel would have allowed ample opportunity for subsolidus re-equilibration to shift their 
composition without much affecting the chromite, so the olivine compositions should be 
interpreted only with some caution.  
In the Bir Tuluhah case, the composition of Cr-spinel in dunite lies in between that in the 
podiform chromitites and in the host harzburgites. Cr# and Mg# in spinel both increase from the 
harzburgite through the dunite to the chromitite. This is consistent with the model of increased 
intensity of melt-rock reaction in the chromitite (e.g. Zhou et al., 1996). Furthermore, the affinity 
of the spinel chemistry in the chromitites with the fields of spinel from boninites in Cr#, Mg#, 
and TiO2 content indicates a role for hydrous melt infiltration and a fore-arc supra-subduction 
zone setting for the Bir Tuluhah ophiolite (Figs. 4b, 5a, b). It has been argued before that boninite 
is the dominant parental magma for podiform chromitite deposits in ophiolites (Barnes and 
Roeder, 2001). The notably lower Fe2+/Fe3+ values in spinels from the chromitite pods compared 
with their host peridotites may also indicate that the infiltrating melt that formed the chromitites 
was substantially more oxidizing than the mantle it infiltrated (Kamenetsky et al., 2001; 
Deschamps et al., 2013).  
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5.3. A quantitative thermodynamic model 
The origin of podiform chromitite by mixing of reacted, silica-rich melt and unreacted, 
Mg-rich hydrous melt has been suggested by previous authors on the basis of experimental 
evidence (Matveev and Ballhaus 2002), use of simplified phase diagrams (Irvine, 1977; Aria and 
Miura, 2016), and abundant field evidence (Roberts, 1988; Arai and Abe, 1995). Here, for the 
first time, we apply an internally-consistent thermodynamic model of the multicomponent phase 
relations to examine this hypothesis. We use the latest version of the MELTS model (Ghiorso and 
Sack, 1995) and perform calculations with the alphaMELTS interface (Smith and Asimow, 
2005), which includes a method for accounting for the effects of trace H2O in the mantle during 
decompression melting (Asimow et al., 2004). Previous work has shown how to use MELTS to 
construct useful forward models of both (a) the polybaric near-fractional melting process that 
forms complementary depleted harzburgite and primary aggregate basalt (Asimow et al., 2001; 
Asimow and Longhi, 2004) and (b) the equilibrium porous flow process that forms dunite 
conduits and their reacted melts (Asimow and Stolper, 1999). Therefore, in order to begin from a 
well-defined starting point for this model, we generate plausible end-member liquids for the 
mixing model using these two well-established calculations. 
Following Asimow et al. (2001, 2004), we modeled the formation of a primary near-
fractional aggregate melt, formed by mixing all the melts produced from the solidus down to 1 
GPa pressure, often thought to be the last pressure at which typical primitive mid-ocean ridge 
basalt last equilibrated with residual orthopyroxene (Kelemen et al., 1995). The initial mantle 
source is the “High-Na” depleted mid-ocean ridge source model of Workman and Hart (2005), 
assumed to have 150 ppm H2O present at depth as trace hydrogen in the major mantle minerals. 
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 The temperature is adjusted so that this material encounters its “damp” solidus at 3.3 GPa. Near-
fractional decompression melting of this source from this solidus that continued down to 0.1 GPa 
would yield, from 100 g of source, ~19 g of basaltic melt and a harzburgite residue containing 59 
g of olivine, 20 g of orthopyroxene, and 2 g of spinel. Indeed, the calculation was continued 
down to 0.1 GPa in order to generate a depleted harzburgite residue composition for use in the 
next step. The composition of the integrated melt at 1 GPa is shown in Table 5; it is a primitive 
low-SiO2 tholeiitic basalt liquid, with 46.6 wt.% SiO2, 13.4 wt.% MgO, 0.045 wt.% Cr2O3, and 
0.09 wt.% H2O. This will be one end-member of the mixing model.  
Next, following Asimow and Stolper (1999), we modeled the formation of a dunite 
conduit and its reacted liquid by equilibrating the above liquid with the 0.1 GPa harzburgite 
residue, at 0.1 GPa and the same temperature that resulted from the isentropic decompression 
melting proceeding to that point (1309.8 °C), gradually adding more and more melt to the residue 
until orthopyroxene was exhausted. This reaction progressively increased the SiO2, Cr2O3, and 
H2O contents of the liquid, while keeping MgO nearly constant. The resulting liquid is a boninite, 
with 55.4 wt.% SiO2, 13.7 wt.% MgO, 0.37 wt.% Cr2O3, and 1.42 wt.% H2O. This will be the 
other end-member of the mixing model. 
Both of the end-member liquids described above have olivine as their liquidus mineral at 
0.1 GPa, closely followed by Cr-spinel. We explored a range of mixing ratios between them and 
determined the crystallization sequence of each mixture. Figure 6 plots the temperature of 
appearance of Cr-spinel and of olivine, as well as contours of mass fraction of Cr-spinel 
crystallized, against the SiO2 contents of the mixtures. The model is a success, in that a “dome” 
of stability of Cr-spinel on the liquidus emerges above the olivine liquidus in the range between 
~51 and 55 wt.% SiO2, i.e. between ~5% and ~50% addition of the unreacted liquid to the reacted 
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 liquid. If the temperature of the unreacted liquid is high enough that the mixture forms above the 
liquidus, indeed these liquids would crystallize monomineralic Cr-spinel for an interval of up to 3 
°C before again becoming saturated with olivine. However, the process is not especially efficient. 
At some level, it could never be very efficient in terms of mass of spinel crystallized per mass of 
liquids mixed, since the boninitic liquid only contained 0.37 wt.% Cr2O3 to begin with. But the 
efficiency is much lower than that; a maximum of 0.012 g of Cr-spinel can form from 100 g of 
liquid, for the optimal mixture with 53 wt.% SiO2 in the liquid. In other words, to form 1 g of 
pure Cr-spinel by this mechanism requires processing 8.3 kg of melt. 
 
6. Summary 
 The Neoproterozoic Bir Tuluhah ophiolite is a dismembered fragment of oceanic lithosphere 
obducted onto the Arabian continental margin following the closure of the Mozambique 
Ocean. Only an upper mantle section and a thin unit of layered gabbro are preserved. 
 The mantle section of the Bir Tuluhah ophiolite comprises harzburgite and minor dunite 
tectonized by high-temperature deformation, based on preserved textures in the serpentinites. 
Associated with the dunites there are lenticular pods of chromitite of various sizes.  
 Rare fresh relics of olivine and Cr-spinel were studied in serpentinized harzburgite and 
dunite. The abundant fresh Cr-spinel and rare fresh olivine inclusions in spinel were studied 
in the chromitites. 
 Olivine in harzburgite and dunite have Fo and NiO contents consistent with those of residual 
mantle olivines that underwent high degrees of partial melt extraction. Olivine inclusions in 
chromitite lenses have even higher Fo and NiO contents, suggesting either continued melt 
infiltration and generation leading to chromitite genesis or subsolidus re-equilibration. 
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  Cr-spinel with the lowest Cr# is found in harzburgite and marks those samples least affected 
by melt-rock reaction. Spinel Cr# and Mg# continuously and systematically increase through 
the dunite samples and into the chromitites, indicating progressive melt-rock reaction 
processes leading to these lithologies.  
 The harzburgite represents the residue of a first stage of melt extraction, while dunite 
represents melt-rock reaction with infiltrating melt and chromitite marks late mixing events 
between the melts residual to dunite formation and freshly infiltrated melt. 
 A quantitative thermodynamic model confirms that mixing of two olivine-saturated liquids, 
one residual to dunite formation and one extracted from a harzburgite residue at higher 
pressure, while produce a chromite-saturated liquid, but the models suggests a low efficiency, 
precipitating 1 g of chromite from 8.3 kg of melt. 
 The mineral chemistry in all the rock types is consistent with formation in a fore-arc supra-
subduction zone and shows that they represent solid residues of processes that may have led 
to the eruption of characteristic fore-arc boninite lavas. 
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  Figure 1. Regional tectonic map of the Arabian Shield showing the distribution of ophiolite belts 
in Saudi Arabia (after Nehlig et al., 2002) and showing terrane ages from Kröner et al. 
(1991), Pallister et al. (1988), Whitehouse et al. (2001), Dilek and Ahmed 2003, Hargrove 
et al. (2006a,b). The location of the studied area (Fig. 2) is indicated. 
Figure 2. Geological map of Bir Tuluhah area modified after Kattan (1983) and Habtoor et al. 
(2017). 
Figure 3. Photomicrographs of the Bir Tuluhah ophiolite suite. (a) Chrysotile vein in 
serpentinized harzburgite; (b) mesh and bastite textures indicating replacement of olivine 
and orthopyroxene, respectively; (c) fresh relics of olivine; (d) a band of disseminated 
chromite in serpentinized harzburgite; (e) massive chromitite with minor serpentine along 
grain boundaries and cracks; and (f) sheared chromitite with schistose texture. All images 
in plane-polarized transmitted light except (a, c), which is cross-polarized transmitted 
light. 
Figure 4. (a) NiO and Fo contents of olivine in the Bir Tuluhah serpentinized harzburgite and 
dunite compared to the mantle olivine array (Takahashi et al., 1987) and (b) Cr# vs. Mg# 
diagram for fresh chromian spinels (after Stern et al,. 2004); the field boundaries are from 
Dick and Bullen (1984), Bloomer et al. (1995) and Ohara et al. (2002). 
Figure 5. (a) Cr# vs. TiO2 diagram for spinels (fields after Dick and Bullen 1984; Jan and 
Windley, 1990) and (b) Al2O3 vs. Fe
2+/Fe3 diagram for spinel; fields of spinel from SSZ 
and abyssal peridotites are from Kamenetsky et al. (2001). 
Figure 6. Results of a quantitative thermodynamic model for precipitation of chromite by melt 
mixing. The figure shows the phase diagram at constant pressure (0.1 GPa) along a binary 
join (see Table 5) between the composition of the boninite liquid residual to dunite 
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 formation (with 55.4 wt.% SiO2, on the right side of the plot) and the composition of the 
primary aggregate fractional melt generated from the solidus up to an extraction pressure 
of 1.0 GPa (with 46.6 wt.% SiO2, off-scale to the left). All the oxides vary together along 
this join, but for convenience the compositions are indexed by wt. % SiO2. Phase relations 
are computed with the MELTS model (Ghiorso and Sack, 1995). The heavy green line 
shows the saturation temperature where olivine begins to crystallize; note that olivine is 
the liquidus phase at both edges of the diagram. The heavy black line shows the saturation 
temperature where Cr-spinel begins to crystallize; note that Cr-spinel is the liquidus phase 
in the central region of the diagram. The light blue lines show contours of mass fraction 
spinel in the equilibrium assemblage. The maximum mass of Cr-spinel that can be 
crystallized before olivine begins to crystallize is 0.012 wt. %, or 1 g of spinel from 8.3 
kg of melt.  
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 Table 1 . Representative microprobe analyses  of fresh olivine in the serpentinized harzbergite 
and dunite of Bir Tuluhah ophiolite. 
Rock 
type 
Harzbergite Dunite 
Sampl
e No.  
TH4 TH17 TD 9 TD22 
Spot 
No.  
Ol#
1 
Ol#
3 
Ol#
5 
Ol#
8 
Ol#
11 
Ol#
1 
Ol#
4 
Ol#
7 
Ol#
7 
Ol#
10 
OL
#1 
OL
#2 
OL
#4 
OL
#8 
OL
#9 
OL
#10 
OL
#11 
OL
#14 
OL
#16 
OL
#18 
SiO2 
40.
81 
41.
12 
40.
95 
40.
97 
41.
15 
40.
87 
41.
07 
41.
18 
40.
89 
40.
84 
41.
05 
40.
91 
40.
88 
39.
89 
41.
01 
41.
48 
40.
93 
41.
17 
41.
02 
40.
87 
T iO2 
0.0
04 
0.0
03 
0.0
04 
0.0
05 
0.0
03 
0.0
04 
0.0
05 
0 
0.0
08 
0.0
03 
0.0
02 
0.0
07 
0.0
05 
0.0
06 
0.0
08 
0.0
04 
0.0
09 
0.0
08 
0.0
13 
0.0
07 
Al2O3 
0.0
02 
0.0
03 
0.0
01 
0.0
04 
0.0
11 
0.0
06 
0.0
04 
0.0
03 
0.0
06 
0.0
06 
0.0
08 
0.0
05 
0.0
12 
0.0
02 
0.0
06 
0.0
07 
0.0
03 
0.0
07 
0.0
03 
0.0
04 
Cr2O3 
0.0
13 
0.0
28 
0.0
12 
0.0
12 
0.0
22 
0.0
23 
0.0
14 
0.0
19 
0.0
17 
0.0
18 
0.0
08 
0.0
2 
0.0
25 
0.0
15 
0.0
18 
0.0
4 
0.0
13 
0.0
11 
0.0
24 
0.0
07 
FeO 
8.8
16 
9.5
85 
8.9
82 
8.5
92 
8.8
96 
9.2
35 
8.8
86 
9.4
37 
9.0
5 
8.7
67 
7.2
96 
7.4
8 
7.4 
7.5
43 
7.9
21 
7.0
77 
7.4
3 
7.6
5 
7.5
77 
7.4
73 
MnO 
0.1
21 
0.1
23 
0.1
39 
0.1
48 
0.1
31 
0.1
35 
0.1
34 
0.1
14 
0.1
29 
0.1
23 
0.1
57 
0.1
47 
0.1
48 
0.1
26 
0.1
37 
0.1
3 
0.1
5 
0.1
31 
0.1
23 
0.1
19 
MgO 
49.
66 
49.
55 
49.
3 
49.
28 
49.
25 
48.
72 
49.
64 
49.
55 
48.
97 
49.
65 
50.
88 
51.
06 
50.
99 
51.
35 
50.
41 
51.
09 
51.
1 
50.
67 
50.
75 
50.
99 
CaO 
0.0
42 
0.0
32 
0.0
29 
0.0
35 
0.0
3 
0.0
35 
0.0
26 
0.0
32 
0.0
27 
0.0
21 
0.0
37 
0.0
26 
0.0
39 
0.0
33 
0.0
34 
0.0
23 
0.0
29 
0.0
23 
0.0
37 
0.0
31 
NiO 
0.4
45 
0.4
21 
0.4
27 
0.3
95 
0.4
46 
0.4
08 
0.3
97 
0.4
36 
0.4
21 
0.3
67 
0.4
82 
0.5
03 
0.4
83 
0.4
41 
0.4
84 
0.4
65 
0.4
88 
0.4
8 
0.5
19 
0.5
19 
Total 
99.
918 
##
##
# 
99.
842 
99.
445 
99.
935 
99.
441 
##
##
# 
##
##
# 
99.
516 
99.
793 
99.
92 
10
0.2 
99.
98 
99.
4 
10
0 
10
0.3 
10
0.2 
10
0.2 
10
0.1 
10
0 
  
         
  
         
  
Si 
0.9
98 
0.9
99 
1.0
02 
1.0
05 
1.0
06 
1.0
06 
1.0
01 
1.0
01 
1.0
04 
0.9
99 
0.9
98 
0.9
93 
0.9
94 
0.9
78 
0.9
98 
1.0
02 
0.9
93 
0.9
99 
0.9
97 
0.9
94 
T i 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
Al 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
Cr 
0.0
00 
0.0
01 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
0.0
01 
0.0
00 
0.0
00 
0.0
00 
0.0
00 
Fe(ii) 
0.1
80 
0.1
95 
0.1
84 
0.1
76 
0.1
82 
0.1
90 
0.1
81 
0.1
92 
0.1
86 
0.1
79 
0.1
48 
0.1
52 
0.1
50 
0.1
55 
0.1
61 
0.1
43 
0.1
51 
0.1
55 
0.1
54 
0.1
52 
Mn 
0.0
03 
0.0
03 
0.0
03 
0.0
03 
0.0
03 
0.0
03 
0.0
03 
0.0
02 
0.0
03 
0.0
03 
0.0
03 
0.0
03 
0.0
03 
0.0
03 
0.0
03 
0.0
03 
0.0
03 
0.0
03 
0.0
03 
0.0
02 
Mg 
1.8
11 
1.7
95 
1.7
99 
1.8
02 
1.7
94 
1.7
87 
1.8
05 
1.7
95 
1.7
93 
1.8
11 
1.8
43 
1.8
48 
1.8
48 
1.8
77 
1.8
29 
1.8
40 
1.8
49 
1.8
33 
1.8
38 
1.8
48 
Ni 
0.0
09 
0.0
08 
0.0
08 
0.0
08 
0.0
09 
0.0
08 
0.0
08 
0.0
09 
0.0
08 
0.0
07 
0.0
09 
0.0
10 
0.0
09 
0.0
09 
0.0
09 
0.0
09 
0.0
10 
0.0
09 
0.0
10 
0.0
10 
Ca 
0.0
01 
0.0
01 
0.0
01 
0.0
01 
0.0
01 
0.0
01 
0.0
01 
0.0
01 
0.0
01 
0.0
01 
0.0
01 
0.0
01 
0.0
01 
0.0
01 
0.0
01 
0.0
01 
0.0
01 
0.0
01 
0.0
01 
0.0
01 
  
         
  
         
  
Fo 
0.9
1 
0.9
0 
0.9
1 
0.9
1 
0.9
1 
0.9
0 
0.9
1 
0.9
0 
0.9
1 
0.9
1 
0.9
3 
0.9
2 
0.9
2 
0.9
2 
0.9
2 
0.9
3 
0.9
2 
0.9
2 
0.9
2 
0.9
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 Table 2.  Representative electron microprobe analyses of fresh Cr-spinel in the serpentinized 
harzburgite and dunite of Bir Tuluhah ophiolite. 
Rock 
type 
Harzburgite Dunite 
Sampl
e No. 
TH4 TH17 TD9 TD22 
Spot 
No.  
Sp-
1 
Sp-
2 
Sp-
4 
Sp-
6 
Sp-
14 
Sp-
1 
Sp-
3 
Sp-
7 
Sp-
9 
Sp-
12 
Sp-
1 
Sp-
4 
Sp-
5 
Sp-
10 
Sp-
12 
Sp-
1 
Sp-
5 
Sp-
6 
Sp-
12 
Sp-
13 
SiO2 
0.0
28 
0.0
32 
0.0
44 
0.5
23 
0.0
2 
0.0
25 
0.1
2 
0.0
37 
0.5
9 
0.0
24 
0.0
28 
0.0
18 
0.0
39 
0.1
21 
0.0
18 
0.0
17 
0.0
17 
0.0
88 
0.0
5 
0.1
95 
T iO2 
0.0
79 
0.0
67 
0.0
59 
0.0
76 
0.0
94 
0.1
06 
0.0
93 
0.0
83 
0.1
25 
0.1
07 
0.0
61 
0.0
57 
0.0
66 
0.0
4 
0.0
15 
0.0
21 
0.0
62 
0.0
38 
0.0
37 
0.0
47 
Al2O
3 
20.
12 
20.
04
6 
18.
71
6 
19.
33 
22.
615 
22.
67
5 
22.
18
4 
22.
48 
23.
93
6 
23.
74
6 
17.
22
7 
15.
27 
16.
03
7 
15.
89
9 
16.
23
3 
16.
03
7 
17.
7 
14.
75
1 
16.
61
1 
16.
24
1 
FeO 
15.
89
5 
16.
06
5 
16.
73 
15.
94 
16.
816 
16.
26 
15.
63
9 
15.
64
2 
13.
67
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Table 3.  Representative electron microprobe analyses of fresh Cr-spinel in the chromitite lenses 
of Bir Tuluhah ophiolite. 
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 Table 4. Inclusions of olivine in the chromitite of Bir Tuluhah.  
 
Mineral  Olivine 
Sample 
No. TCR-2 TCR-16 
Spot No.  OL#1 OL#2 OL#2 OL#1 OL#2 OL#3 
SiO2 40.645 40.454 40.874 40.76 40.78 40.728 
T iO2 0.005 0.007 0.006 0.003 0.008 0.005 
Al2O3 0.015 0.015 0.029 0.023 0.018 0.021 
Cr2O3 0.223 0.159 0.162 0.121 0.164 0.265 
FeO 5.544 4.667 5.12 4.887 5.12 5.409 
MnO 0.054 0.077 0.101 0.072 0.091 0.107 
MgO 53.009 53.768 53.23 53.433 53.146 52.961 
NiO 0.547 0.851 0.586 0.68 0.728 0.604 
CaO 0.034 0.032 0.037 0.029 0.051 0.028 
Total 100.076 100.03 100.145 100.008 100.106 100.128 
  
     
  
Si 0.980 0.975 0.984 0.981 0.983 0.982 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 
Al 0.000 0.000 0.001 0.001 0.001 0.001 
Cr 0.004 0.003 0.003 0.002 0.003 0.005 
Fe(ii) 0.112 0.094 0.103 0.098 0.103 0.109 
Mn 0.004 0.004 0.003 0.004 0.002 0.004 
Mg 1.906 1.931 1.910 1.917 1.909 1.903 
Ni 0.011 0.016 0.011 0.013 0.014 0.012 
Ca 0.001 0.001 0.001 0.001 0.001 0.001 
  
     
  
Fo 0.94 0.95 0.95 0.95 0.95 0.95 
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 Table 5. Compositional end-members of MELTS-based thermodynamic mixing model 
  
Pressure 
(GPa) 
SiO
2 
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O2 
Al2
O3 
Fe2
O3 
Cr2
O3 
Fe
O 
M
nO 
Mg
O 
Ni
O 
Ca
O 
Na
2O 
H2
O 
Mantle source 3.3 
44.
71 
0.1
3 
3.9
8 
0.1
91 
0.5
7 
8.0
08 
0.1
3 
38.
73 
0.2
4 
3.1
7 
0.2
8 
0.0
15 
Aggregate 
primary liquid 1.0 
46.
580 
0.7
82 
16.
015 
0.1
34 
0.0
45 
6.8
26 
0.1
67 
13.
357 
0.0
46 
14.
261 
1.6
96 
0.0
91 
Reacted 
boninitic liquid 0.1 
55.
415 
0.3
07 
12.
498 
0.4
34 
0.3
68 
5.5
18 
0.1
34 
13.
675 
0.0
52 
10.
049 
0.1
27 
1.4
24 
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 Highlights 
 
 Serpentinized ultramafics of Bir Tuluhah have relict primary mantle minerals 
 Fresh relics of olivine have high Fo and NiO contents, similar to mantle olivines 
 Extensive melt depletion of ultramafic protoliths suggests a fore-arc setting 
 Chromitites and host ultramafic rocks are crystallized from boninitic magma 
 Chromitites represent the residues of melt-rock interaction 
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